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ABSTRACT
We disuss the stabilization of the salar setor, inluding the radion, in the gauge model
with one universal extra dimension, within Higgs and Higgsless senarios. The stabilization
ours at the one-loop level, through the fermioni ontribution to the eetive potential; in
the Higgs ase, for stabilization to take plae the bosoni ontribution must be balaned by
the fermioni one, hene the sales of these two annot dier too muh. However, there is no
need for (softly broken) supersymmetry to ahieve the stabilization - it an be arranged for a
reasonably wide range of ouplings and mass sales. The primary instability in the model is
the run-away of the radion vauum expetation value. It turns out that the requirement of
the radion stability, in the Higgs ase, favours a Higgs boson mass below 0.26 TeV, whih is
onsistent with the Standard Model upper bound that follows from the eletroweak preision
measurements. The typial radion mass is of the order of ∼ 10−6 eV. The radion mass an
be made larger by rising the sale of fermion masses, as learly seen in the Higgsless ase.
The osmologial onstant may be anelled by suitable ounterterms, in suh a way that the
stabilization is not aeted.
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1 Introdution
Understanding the origin of the eletroweak symmetry breaking at MEWB ≤ 1 TeV and the
fermion mass generation appears to be one of the big theoretial hallenges of ontemporary
physis. There exist various ideas of how to give mass to the gauge bosons mediating weak
interations and how to, simultaneously, render the sale of the breaking in the 1 TeV range
in the presene of radiative orretions. One of the most natural tools is supersymmetry,
another one - extra dimensions, whih oer new possibilities both for eletroweak breaking
and for supersymmetry breaking (e.g. by suitable boundary onditions). However, with extra
dimensions there appears a new issue in the game - the problem of stabilization of ompat
dimensions, whih, in fat, seems to be a disguised version of the familiar, well-known hierarhy
problem. In this note we would like to address, in the simplest possible set-up, the question of
the interrelation between these issues. About the supersymmetry breaking we shall be rather
brief here, simply assuming that it is somehow broken, perhaps even in a hard way; hene, for
instane, the number of fermions does not need to math the number of bosons in the model.
Taking that for granted, we onsider here one-loop orretions to the eetive potential for the
radion (whih is the salar exitation of the extra-dimensional metri tensor whose vauum
expetation value xes the size of extra dimensions) and the Higgs boson, as a soure of the
radion stabilization. It turns out that it is possible to reate a non-trivial and quasi-realisti
minimum of the eetive potential in the spae spanned by the salar elds of the theory, with
one universal extra dimension in two ases of speial interest. Firstly, when the eletroweak
breaking is aused by the ondensation of the higher-dimensional Higgs salar, and seondly in
the Higgsless ase, when we imagine that the massless mode of gauge elds is removed from
the spetrum by boundary onditions. The notorious feature of the set-up ontaining a Higgs
boson is a light, in fat too light, radion exitation. In the Higgsless ase it is muh easier to
avoid suh a problem: it is possible to raise the radion mass by oupling a radion to heavy
fermions living in the bulk of the model. We nd it amusing and enouraging at the same time
to nd stable vauum states with stable extra dimensions and broken gauge symmetry with
essentially arbitrarily broken supersymmetry.
The paper is organized as follows. In Setion 2 we dene the 5d Higgs model. Setion 3
ontains details of the redution from 5d to 4d. In Setion 4 we alulate the one-loop eetive
potential in order to determine the radion mass and we omment on the existing experimental
onstraints on the radion mass. Setion 5 is devoted to the disussion of the radion stability in
the Higgsless senario. Summary and omment on onsequenes of possible variations of the
set-up adopted here are presented in Setion 6. The appendix ontains details of the derivation
of the eetive potential.
2 General set-up
Let us start with the following ation in 5d
S = Sg + Ss + Sf + Sv + Sgf , (1)
2
where Sg denotes the EinsteinHilbert ation,
Sg = −1
2
M35
∫ L
0
dy
∫
d4x
√
GR(5) , (2)
where R(5) is the Rii salar onstruted from the 5d metri tensor GMN and L = 2πρ. The
saleM5 sets the 5d gravitational oupling. The notation for the Lorentz indies and spae-time
oordinates is as follows: M,N = 0, 1, 2, 3, 5; µ, ν = 0, 1, 2, 3 and y = x5 is the oordinate of
the extra dimension. The ation for the omplex salar eld and vetor bosons reads
Ss =
∫ L
0
dy
∫
d4x
√
G
[
(DMφ)
∗(DMφ)− V (5)(φ)] , (3)
Sv + Sgf =
∫ L
0
dy
∫
d4x
√
G
{
−1
4
FMNFMN − 1
2ξ
[∂µA
µ − ξ (∂5A5 + evχ)]2
}
, (4)
where v is the vauum expetation value of the zero mode of the salar eld, e4 ≡ e5/
√
L will
appear to be the eetive 4d eletromagneti gauge oupling and
FMN = ∂MAN − ∂NAM , DM = ∂M + ie5AM ,
V (5)(φ) = λ5
(
|φ|2 − µ2
2λ5
)2
, φ =
1√
2
(h+ iχ) .
Here we will adopt the Landau gauge, whih is equivalent to the limit ξ → 0.
In order to onstrut a Standard Model-like theory, we will follow Ref. [1℄ and introdue
two fermioni elds ψ = ψ(x, y) (harged) and λ = λ(x, y) (neutral) with the following trans-
formation properties:
ψ(x, y)→ γ5ψ(x, L− y) and λ(x, y)→ −γ5λ(x, L− y) , (5)
while for the bosoni elds we assume
φ(x, y)→ φ(x, L− y), Aµ(x, y)→ Aµ(x, L− y) and A5(x, y)→ −A5(x, L− y) . (6)
Then, the invariant fermioni ation reads:
Sf =
∫ L
0
dy
∫
d4x
√
G
[
iψγM(∂M + ie5AM)ψ + iλγ
M∂Mλ−
(
g5ψφλ+ H..
)]
, (7)
As an be seen, the fermion mass term is generated (as in the Standard Model (SM)) by the
salar vauum expetation value.
The size of the extra dimension L = 2πρ is an arbitrary parameter with the dimension of
length. It has no physial meaning. What is physially meaningful is the distane along the
ompat dimension
Lphys =
∫ L
0
dx5
√
−G55 . (8)
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3 Compatiation
Let us onstrut the 4d eetive theory. Sine hereafter we will onsider neither KaluzaKlein
(KK) modes of the 4d metri gµν(x, y) nor those of the radion R0(x, y), the bakground 5d
metri an be parametrized as
GMN =
(
gµν(x) 0
0 −R20(x)
)
. (9)
The ompatiation of the extra dimension is speied by the following S1/Z2 orbifold ondi-
tions:
Aµ(x, y) = Aµ(x,−y) , A5(x, y) = −A5(x,−y) ,
φ(x, y) = φ(x,−y) ,
ψR(x, y) = ψR(x,−y) , ψL(x, y) = −ψL(x,−y) ,
λL(x, y) = λL(x,−y) , λR(x, y) = −λR(x,−y) .
Moreover, the elds should remain unhanged under the shift y → y + 2πρ. The resulting KK
expansion is given in the appendix.
An important remark is in order here. In general, instead of disussing the irle and its
symmetries, one ould go immediately to a line segment and impose boundary onditions on
the elds by oupling them to suitable soures loalized on the branes. These soures appear in
the equations of motion and enfore a denite behaviour of the elds at the boundaries. This
way one may obtain boundary onditions orresponding to elds living on a quarter of a irle,
or on S1/Z2 × Z ′2. It is often onvenient to disuss suh set-ups on a irle; however one then
has to aept elds that are not periodi. We shall disuss suh a ase later in the paper.
After integrating out the extra oordinate, we nd the eetive EinsteinHilbert term mul-
tiplied by a a power of the radion eld
Seffg = −
1
2
M35 2πρ
∫
d4x
√−g|R0|R(4) . (10)
It will be useful to transform the above ation to the Einstein frame by performing the following
Weyl resaling
gµν −→ |R0|−1gµν , (11)
whih results in the gravitational ation
Seffg = −
1
2
M24
∫
d4x
√−gR(4) + 1
2
∫
d4x
√−g∂µr∂µr , (12)
where we have dened r =
√
3/2M4 log |R0|, and M4 denotes the eetive 4d Plank sale.
It is worth emphasizing that the Weyl resaling is essential here; it is neessary to properly
identify the 4d metri as the one that appears on the r.h.s. of Eq. (11), for whih we obtain
the anonial form of the Einstein gravity ation in Eq. (12). Notie also that our denition
M24 = 2πρM
3
5 does not express a relation between four- and ve-dimensional Plank sales.
4
Preise analysis of the Newton law shows that the atual 5d Plank sale, related to the 5d
Newton onstant, reads M true5 = M5〈|R0|〉−1/3, and then M24 = 2πρ〈|R0|〉(M true5 )3.
It is straightforward to verify that, after the Weyl resaling, we must also resale Aµ and
A5 to obtain anonial kineti ation
Aµ −→ |R0|− 12Aµ , A5 −→ |R0|A5 . (13)
The following redenition is neessary for fermioni elds as well
ψ −→ |R0| 14ψ , λ −→ |R0| 14λ . (14)
After the Weyl resaling the 5d metri takes the following form
ds2 = R−10 gµνdx
µdxν − R20dy2 . (15)
Hene, the physial size of the extra dimension is given by Lphys = 2πρ〈R0〉, where 〈R0〉 is
determined by the quantum orretions omputed by expanding the Lagrangian around the
lassial solution of the 5d Einstein equations
♯1
gµν = ηµν
R0(x) = 〈R0〉 = const. ,
(16)
ηµν being the Minkowski metri.
It should be noted that the resaling (13) and (14) generates a number of derivative-type
ouplings of the radion. Those, however, are not relevant to the alulation of the one-loop
eetive potential and therefore will not longer be onsidered.
4 Radiative orretions
After the Weyl resaling, the 4d tree-level potential in the Landau gauge is obtained, as the
following integral over the extra dimension:
V 4(φ, r) =
∫ 2πρ
0
dye−αr
(
V 5(φ) + e−2αr|D5φ|2
)
, (17)
where
α =
√
2√
3M4
. (18)
Here we will onsider only the ase in whih the zero-mode
♯2
of the real omponent h(x) of the
salar eld φ(x, y) and possibly the radion r(x) an aquire vauum expetation values.
Following Ref. [1℄, we shall adopt, to ompute the ontribution of the KK tower to the
eetive potential, the regularization sheme worked out by Delgado et al. (DPQ, see [3℄, see
♯1
Note that in Eq. (15), it is gµν whih is the 4d metri.
♯2
For an example of a model with a non-trivial prole of the Higgs bakground eld, whih means non-zero
vauum expetation values for KK modes, see [2℄.
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also [4℄, [5℄ for earlier results). The result of Ref. [1℄ was obtained in the absene of gravity,
for a at metri, and assuming that the radion was stabilized. What we are studying now is
the possibility to stabilize the radion through eletroweak radiative orretions and at the same
time to reprodue the usual 4d SM-like theory. We will start from formula (A.5), whih for the
salar eld is given by:
V1−loop =
1
2
∞∑
0
∫
d4p
(2π)4
log
[
(p2 +m2h0) +
n2
ρ2
e−3α〈r〉
]
, (19)
whih is equal to:
V1−loop =
1
2
∞∑
0
∫
d4p
(2π)4
log
[
l2(p2 +m2h0)e
3α〈r〉 + n2π2
]− 3α
2
∞∑
0
∫
d4p
(2π)4
〈r〉 , (20)
where l = πρ. The seond term above is a divergent ontribution that vanishes in the dimen-
sional regularization. Applying the DPQ proedure (see the appendix for details) we obtain
the following ontribution from the KK tower of non-zero modes of the salar h:
V
(∞)
h = e
3
2
α〈r〉 ρ
60π
|mh0 |5 ,
V
(R)
h = −e−6α〈r〉
1
64π6ρ4
[
x2hLi3
(
e−xh
)
+ 3xhLi4
(
e−xh
)
+ 3Li5
(
e−xh
)]
, (21)
where xh = e
3
2
α〈r〉2πρ|mh0|, and salar masses are dened in Eq. (A.2). The result is in agree-
ment with that of Ref. [6℄.
In the ase of a mixing, as in the system (χ,A5), we use the proedure desribed in [1℄ to
obtain one-loop orretions
V
(∞)
mix = −e
3
2
α〈r〉 ρ
32
b
1
4
(
b− a
2
4
)
F
(
−1
4
,
7
4
; 2; 1− a
2
4b
)
,
V
(R)
mix = −e−
3
4
α〈r〉
b
3
4
(
2
√
b+ a
) 1
4
16π2
√
ρ
Li 3
2
[
exp
((
−2πρe 32α〈r〉
)(
2
√
b+ a
) 1
2
)]
, (22)
where we have dened
a = e−α〈r〉
(
e24〈h〉2 − µ2 + λ4〈h〉2
)
,
b = e−2α〈r〉e24〈h〉2
(−µ2 + λ4〈h〉2) . (23)
From Eq. (A.2) one an see that the radion mixes only with the zero mode of the salar eld
h0. We an alulate the eigenvalues of the squared mass matrix for these elds
m21,2 =
1
2
(
m2h0 +m
2
r ±
√
(mh0 −mr)2 + 4m2r h0
)
. (24)
The ontribution to the one-loop potential from a single salar eld is
V 0s =
1
64π2
m4s
[
log
(
m2s
κ2
)
− 3
2
]
, (25)
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where κ denotes the renormalization sale. Therefore, the total ontribution of the salar elds
to the one-loop eetive potential is given by
V 1−loops =
1
2
(
V
(∞)
h + V
(R)
h − V 0h + 2V 01 + 2V 02 + V (∞)mix + V (R)mix + V 0χ − V 0A5
)
. (26)
Let us nd the ontributions to the eetive potential oming from the other elds.
For the vetor boson, the DPQ proedure leads to
V
(∞)
Aµ
= e
3
2
α〈r〉 ρ
60π
|mAµ0 |5 ,
V
(R)
Aµ
= −e−6α〈r〉 1
64π6ρ4
[
x2AµLi3
(
e−xAµ
)
+ 3xAµLi4
(
e−xAµ
)
+ 3Li5
(
e−xAµ
)]
, (27)
where xAµ = e
3
2
α〈r〉2πρ|mAµ0 | and the vetor masses are dened in Eq. (A.3). The total ontri-
bution of the vetor elds to the one-loop eetive potential is
V 1−loopv =
3
2
(
V
(∞)
Aµ
+ V
(R)
Aµ
+ V 0Aµ
)
, (28)
where
V 0Aµ0 =
1
64π2
m4Aµ0
[
log
(
m2Aµ0
κ2
)
− 5
6
]
. (29)
The fermioni ontributions to the one-loop eetive potential are
V 1−loopf = −4
(
V
(∞)
f + V
(R)
f
)
, (30)
where
V
(∞)
f = e
3
2
α〈r〉 ρ
60π
|mf |5 ,
V
(R)
f = −e−6α〈r〉
1
64π6ρ4
[
x2fLi3
(
e−xf
)
+ 3xfLi4
(
e−xf
)
+ 3Li5
(
e−xf
)]
. (31)
We have dened mf = e
− 1
2
α〈r〉 g4√
2
〈h〉 and xf = e 32α〈r〉2πρ|mf |. The mass mf omes from the
diagonalization of the fermion masses, whih are written in Eq. (A.4). The total one-loop
potential, inluding all ontributions, takes the form
V 1−looptot = V
1−loop
s + V
1−loop
v + V
1−loop
f + V
tree
s , (32)
where
V trees = e
−α〈r〉
(
−1
2
µ2〈h〉2 + 1
4
λ4〈h〉4 + µ
4
4λ4
)
. (33)
This eetive potential has been obtained by negleting some diagrams. More preisely, the
missing ones are those involving virtual utuations of the 5d metri and their KK exitations.
It is easy to see that these diagrams an be safely negleted here. The general argument
onsists of the observation that, in order to turn the utuations of the 5d metri, hMN ,
7
into anonial dimensionful elds in 4d, one needs to multiply them by the 4d Plank sale,
hMN → hMNM4, whih means that their ouplings to matter are suppressed by inverse powers
of M4. Hene, generally, it is justied to neglet these metri elds in the loops as long as one
nds stabilization due to the matter loops. This point is well illustrated by onsidering radion
loops. In this ase the most important diagrams are those involving a single radion internal
line, whih is quadratially divergent, and a loop made of a radion line and a salar line, whih
is logarithmially divergent. These diagrams give a ontribution to the eetive potential of
the order of
α2Λ2 ∼
(
Λ
M4
)2
. (34)
Sine we expet that the physial ut-o for the 4d physis is muh smaller
♯3
than the Plank
sale, we ould therefore have left out these ontributions while retaining the ones previously
disussed, due to salars, fermion and the gauge elds. The approximation adopted here on-
sistently treats the gravitational interations at the lassial level, while the ruial quantum
eets (inluding the non-zero vauum expetation value for the radion) emerge from the matter
elds.
The total eetive potential has been analysed as a funtion of two parameters: 〈h〉 and
〈r〉. Numerial alulations have been performed for the following set of parameters:
µ = mH√
2
, λ4 =
1
2
(
mH
0.246 TeV
)2
, mH = 0.12 TeV ,
κ = 0.1 TeV , M4 = 2× 1015 TeV, mt = 0.175 TeV ,
g4 =
√
2mt
0.246 TeV
, e4 =
√
4π/137 , ρ = 2.11 TeV−1 , (35)
where mH denotes the tree-level mass of the Higgs boson. We have obtained the minimum of
the V 1−looptot (〈r〉, 〈h〉) at the point (〈r〉, 〈h〉) = (1.89 × 108, 0.259) TeV. Notie that this result
orresponds to 〈R0〉 = 1 (see Fig. 1). We an also ompute eetive masses2 for the radion-h0
system:
m2h0 =
∂2V 1−looptot
∂〈h〉2
∣∣∣∣
min
= 0.014 TeV2 ,
m2r =
∂2V 1−looptot
∂〈r〉2
∣∣∣∣
min
= 1.14× 10−35 TeV2 ,
m2r h0 =
∂2V 1−looptot
∂〈r〉∂〈h〉
∣∣∣∣
min
= 3.38× 10−20 TeV2 . (36)
We have always hosen the parameter ρ in suh a way that the minimum of the omplete
potential appears at the point 〈r〉 ≪MPl, whih implies R0 ≈ 1 (see disussion below). In suh
a ase the physial radius of the fth dimension is given by the parameter ρ. Let us explain
the way we adjust the ρ, whih parametrizes the physial masses and ouplings in 4d. The
point is that we are interested in a spei range of the eetive physial sales as seen in 4d,
whih we onsider realisti. However, these physial sales depend on the expetation value
♯3
Note that, if the Higgs-boson mass is small enough, the eletroweak vauum of the one-loop eetive
potential is unstable, the uto that follows ould be as small as a few TeV.
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Figure 1: The total potential for the parameters given in (35). The minimum appears at the point
(〈R0〉, 〈h〉) = (1, 0.258 TeV).
of the radion, whih we need to determine dynamially, and this dependene ours through
the fators that are powers of eα〈r〉 (the parameters that are radion-independent are those that
dene the Lagrangian in 5d). To be able to follow the dynamial determination of the radion,
we dene auxiliary 4d parameters, whih are radion-independent: λ4, e4, g4 dier from the
physial ones by the suitable powers of eα〈r〉 and we note that the auxiliary parameters are
equal to physial ones at 〈R0〉 = eα〈r〉 ≈ 1. The usual approah would be to x ρ, whih sets
the physial sale of the fth dimension, to some onvenient value, e.g. ρ = 1, and to keep
it onstant during the alulations. However, the above reasoning suggests that the opposite
is more onvenient: in eah model under disussion we shall x the expetation value of the
radion to be equal to unity, and ahieve this by hanging the value of ρ. It is obvious that
physially this is a legal point of view. In 5d the meaningful quantity is in fat 2πρR0, and
any hange of 〈R0〉 an be ompensated by an adjustment of ρ, while keeping the parameters
of the Lagrangian, hene the 5d model, unhanged. When we ompatify and swith over to
9
mH [TeV℄ mh [TeV℄ mr [10
−6
eV℄ ρ−1 [TeV℄ 〈h〉 [TeV℄ Λ4 [10−6 TeV℄
0.10 0.098 3.5 0.49 0.265 −7.90
0.12 0.119 3.4 0.47 0.259 −7.59
0.14 0.139 3.3 0.47 0.255 −7.36
0.16 0.160 3.2 0.46 0.252 −7.09
0.18 0.181 3.0 0.44 0.250 −6.68
0.20 0.202 2.8 0.42 0.249 −6.05
0.22 0.225 2.4 0.39 0.247 −5.06
Table 1: Higgs boson and radion mass, the sale of the extra dimension ρ−1, the Higgs-boson
vauum expetation values and the resulting osmologial onstant, obtained for dierent input
tree-level Higgs boson masses mH .
the 4d language the situation beomes slightly more ompliated, sine the 4d ouplings, say
λ4, are related to the 5d ones by a power of ρ. Hene to stay in the same 5d model one would
have to hange λ4 together with ρ. This is not what we want to do: we are interested in 4d
models and keep 4d ouplings onstant. This is perfetly aeptable from the point of view of
the 4d physis; one only needs to keep in mind that in the present piture dierent values of
ρ orrespond to slightly dierent 5d ouplings, hene slightly dierent 5d models. Having said
this, let us dene the proedure that brings us down to 〈R0〉 = 1 and allows us to identify the
physial masses in 4d in a straightforward manner. We start with an arbitrarily hosen value
of ρ and minimize the one-loop potential to nd 〈R0〉. Then we repeat the proedure, taking
ρ(1) = 〈R0〉ρ. Then we repeat the steps again and again until we reah 〈R0〉 ≈ 1, taking for
eah onseutive iteration ρ(n) = 〈R0〉(n−1)ρ(n−1), where n denotes the parameter of the n-th
iteration. The proedure onverges to 〈R0〉 ≈ 1 within just a few iterations (as expeted, sine
the physial size of the fth dimension is 2πρ〈R0〉).
In addition, the alulations have been done for various values of the Higgs mass, and
the results are listed in Table 1. We have hosen the tree-level Higgs boson mass to be in
agreement with the eletroweak measurements, i.e. roughly between 0.1 TeV and 0.22 TeV.
It turns out that for mH >∼ 0.26 TeV the eetive potential beomes unstable: the radion
vauum expetation value runs away to innity. It is amusing to notie that mH = 0.204 TeV
is the eletroweak 95% CL upper bound on the SM Higgs boson mass [7℄. The existene of
the minimum is a result of an interplay between bosoni and fermioni ontributions to the
eetive potential, so the largest Higgs mass for whih we obtain stability is orrelated with the
top quark mass mt = 0.175 TeV. Therefore even though our toy model does not reet all the
features of the real 5d SM, it does nevertheless ontain right mass sales. At the same time,
it seems to favour the range of the Higgs boson mass that is also antiipated by the one-loop
preditions of the SM. We nd this nie agreement quite amusing. Note also in the table that
the diagonal Higgs boson massmh and the vauum expetation values 〈h〉 are almost insensitive
to the input, tree-level Higgs boson mass mH ; this is an obvious result of the very small mixing
with the radion. The diagonal radion mass varies between 3.47× 10−6 and 2.39× 10−6 eV. The
resulting size of the extra dimension, ρ−1 ≃ 0.4  0.5 TeV, roughly agrees with the existing
bound on the size of one universal extra dimension [8℄.
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An important omment is in order here. From the 5d point of view the meaningful physial
quantity is the physial size of the fth dimension, whih is given by Lphys = 2πρ〈R0〉. Hene,
at rst sight, in various physial quantities the powers of ρ should always multiply the same
powers of R0. However, this is not the ase in the 4d Lagrangian and onsequently, one nds
in the eetive potential an extra R0 dependene that is not of the form 2πρR0. A loser
inspetion of the eetive potential shows that this extra dependene on 〈R0〉 has its roots in
one additional power of R0, whih shows up in mass terms (both in those that originate from
the µ2 salar mass term and also in KK mass terms) in the 4d Lagrangian. However, this is
orret and the reason an be seen in Eqs. (10) and (11). The point is that in (10) we have
hosen to perform the Weyl resaling using only the R0, while 2πρ beomes swallowed by the
denition of the 4d Plank sale M24 = 2πρM
3
5 .
We have seen above that the radion eld turns out to be very light and that it experienes
a negligible mixing with the Higgs eld: for Mh = 0.12 TeV, we obtain mr = 3.4 × 10−6 eV.
Suh a light eld an modify the Newtonian gravity. A partile of mass ∼ 3.4 × 10−6 eV an
mediate fores over a range of ∼ 37 m, see Ref. ([9℄). Therefore suh a small radion mass is
exluded by experiments. It is possible to inrease the radion mass by one or two orders of
magnitude by rising the fermion masses (see also the next setion), but heavy radion is not a
natural phenomenon within the present set-up. As pointed out in [9℄ the explanation for a suh
low mass is due to the higher dimensional general ovariane, whih forbids a radion mass term
in the higher dimensional theory. Therefore, in the at 4d theory the radion mass term an
appear only as a loop eet, and sine the ouplings of the radion are Plank-sale-suppressed,
the resulting mass is naturally small.
5 The Higgsless theory
In the SM, the Higgs mehanism generates masses for the fermions and for the vetor bosons.
In the Higgsless theory one may assume that the fermion masses emerge from some additional
dynamial mehanism [10℄ [13℄, e.g. by the fermion ondensation, while the masses of the
vetor bosons are due to a global breakdown of the gauge symmetry by boundary onditions
imposed along extra dimensions. This is a noteworthy alternative to the usual Higgs mehanism,
but also a partiularly lear limit of the general ase onsidered in the earlier setions, thus of
partiular interest to us.
Let us begin the disussion with the model that does not ontain a 5d salar eld
S = Sg + Sf + Sv + Sgf , (37)
where Sg denotes the EinsteinHilbert ation (2) and the ation for fermions and vetor boson
is given by
Sf =
∫ L
0
dy
∫
d4x
√
G
[
iψγM(∂M − ie5AM)ψ + iλγM∂Mλ−
(
m5ψλ+ H..
)]
(38)
and
Sv + Sgf =
∫ L
0
dy
∫
d4x
√
G
{
−1
4
FMNFMN − 1
2ξ
[∂µA
µ − ξ∂5A5]2
}
, (39)
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respetively. The Yukawa interation present in the Lagrangian (7) has been replaed here by
the 5d mass term m5ψλ. Here again we require the invariane of the ation with respet to
the transformations (5) and (6), whih eliminates the possibility of diagonal fermioni mass
terms. Here, however, we must modify the set-up employed in Setion 2 and assign the U(1)
harge to the fermion λ in suh a way that the mixed mass term ψλ is gauge-invariant, i.e.
QU(1)(λ) = QU(1)(ψ) and γ
M∂Mλ → γM (∂M − ie5AM)λ. Note, however, that in the one-loop
alulation of the eetive potential for r, whih we will perform here, these two ases, that is
invariant and non-invariant 5d fermion mass terms, are indistinguishable and lead to idential
onlusions about the stability of the salar setor.
To obtain masses for the vetor bosons we onstrut an orbifold S1/(Z2×Z ′2) suh that the
ation of the parities on the irle S1 is the following: Z2: y → −y and Z ′2: L/2+ y → L/2− y.
Their ation on the eld spae reads:
Z2 : Aµ(x, y) = Aµ(x,−y), A5(x, y) = −A5(x,−y) (40)
Z
′
2 : Aµ(x, L/2 + y) = −Aµ(x, L/2 − y), A5(x, L/2 + y) = A5(x, L/2− y) . (41)
So, we have assumed (+,−) and (−,+) parities for Aµ and A5, respetively. The fermioni
boundary onditions remain the same as in the Higgs-like model, i.e. the right- and left-handed
modes transform as (+,+) and (−,−), respetively. Therefore the fermions are periodi with
a period L. The addition of the seond requirement (41) is a ruial modiation of the set-up
dened in Setion 2. This ondition auses the breakdown of the gauge symmetry, sine (40)
alone leads to 4d theory, whih is U(1) invariant. A onsequene of (41) is that the gauge elds
an no longer be periodi; in fat, one nds that the onditions (40) and (41) an be onsistent
only if the gauge elds are antiperiodi:
♯4
Aµ(x, y + L) = −Aµ(x, y) A5(x, y + L) = −A5(x, y) . (42)
This is aeptable as long as the Lagrangian remains invariant under the twist operator: T :
AM → −AM . Even more, for onsisteny, the Lagrangian must be invariant under both Z2
parities ating with respet to eah brane. The symmetry under Z2 is evident. For Z
′
2, however,
one nds that the interation between the vetor boson and fermions through the ovariant
derivative does not full this requirement, as it is antisymmetri[
ψ¯γMe5AMψ
]
(L/2 + y) = − [ψ¯γMe5AMψ] (L/2− y) . (43)
In order to make the set-up onsistent, let us assume that the gauge oupling is odd under Z
′
2,
so we replae e5 by ǫ(y)e5 with
ǫ(y) =


.
.
.
−1 for −3L/2 < y < −L/2
+1 for −L/2 < y < L/2
−1 for +L/2 < y < 3L/2
.
.
.
(44)
♯4
Note that the antiperiodiity (42) is a weaker onstraint than (40) and (41) together.
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Then the Lagrangian is invariant under both Z2 parities. Let us note that in the above on-
strution we have not introdued loalized brane terms into the ation. As a onsequene,
eah eld whih is odd with respet to the given brane must vanish on that brane. The gauge
transformations are not allowed to generate suh singular terms, hene one must require that
the gauge variations of the vetor bosons do vanish at the `odd' xed point. To be more spei
let us onsider a gauge transformation with a parameter Λ(x, y):
ψ −→ e−iǫe5Λψ , λ −→ e−iǫe5Λλ , AM −→ AM + ∂MΛ . (45)
The requirement that suh a gauge transformation does not hange parities of the elds implies
that Λ is Z2-even with respet to y = 0 and Z
′
2-odd with respet to y = L/2. It is interesting
to see that the above onditions remove the global U(1) transformations from the theory.
This is onsistent with the fat that boundary onditions break globally the group of gauge
transformations: not even the global subgroup is left in the eetive 4d model. Models with
jumping gauge ouplings were onsidered before in the literature, see [14℄[16℄. Note that after
introduing the jumping oupling the observer who travels around the irle will see preisely
the same oupling between the fermions and the gauge eld after passing the brane at y = L/2
as before. Hene the physis on both half-irles remains the same.
Deomposition of the 5d metri tensor and the KK expansion of the fermioni elds is the
same as in the previous setions. The KK expansion of the vetor boson elds reads
Aµ(x, y) =
1√
πρ
∞∑
n=0
Aµn(x) cos
[
y
(
mn +
π
L
)]
,
A5(x, y) =
1√
πρ
∞∑
n=0
A5n(x) sin
[
y
(
mn +
π
L
)]
. (46)
where mn = 2πn/L. The following mass terms of the vetor bosons are obtained:
m2Aµn = e
−3α〈r〉
(π
L
+mn
)2
, m2A5n = 0 . (47)
The salar modes A5n are the Goldstons bosons that beome longitudinal omponents of massive
Aµn.
The DPQ proedure leads to
V
(∞)
Aµ
= 0 ,
V
(R)
Aµ
= −e−6α〈r〉 3
64π6ρ4
Li5(−1) . (48)
The total ontribution of the vetor elds to the one-loop eetive potential reads
V 1−loopv =
3
2
(
V
(∞)
Aµ
+ V
(R)
Aµ
)
. (49)
The mass terms of the fermions are
mψn = −e−
3
2
α〈r〉mn ,
mλn = e
− 3
2
α〈r〉mn ,
mψn λn = −e−
1
2
α〈r〉m4 ,
mψ0R λ0L = −e−
1
2
α〈r〉m4 , (50)
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where m4 = m5/
√
2πρ.
The fermioni ontribution to the one-loop eetive potential reads:
V 1−loopf = −4
(
V
(∞)
f + V
(R)
f
)
, (51)
where
V
(∞)
f = e
3
2
α〈r〉 ρ
60π
|mf |5 ,
V
(R)
f = −e−6α〈r〉
1
64π6ρ4
[
x2fLi3
(
e−xf
)
+ 3xfLi4
(
e−xf
)
+ 3Li5
(
e−xf
)]
. (52)
We have dened mf = e
− 1
2
α〈r〉m4 and xf = e
3
2
α〈r〉2πρ|mf |. The total one-loop potential inlud-
ing all ontributions reads
V 1−looptot = V
1−loop
v + V
1−loop
f . (53)
We have again analysed the eetive potential as a funtion of 〈r〉. Numerial alulations have
been done for the following hoie of parameters:
κ = 0.1 TeV , M4 = 2× 1015 TeV (54)
and for various values of the fermion mass. We have hosen the parameter ρ in suh a way that
the minimum of the omplete potential appears at the point 〈r〉 ≪ MPl, whih implies R0 ≈ 1
(see Fig. 2). In suh a ase the physial radius of the fth dimension is given by the parameter
ρ. We have found the mass of the radion in the form
m2r =
∂2V 1−looptot
∂〈r〉2
∣∣∣∣
min
, (55)
and the value of the salar potential at the minimum Λ4, whih is the osmologial onstant.
We have displayed the results in Table 2. One an easily nd the following approximate relations
between the mass of the fermion and the other physial parameters
ρ−1 = cρm4, mr = cm
m24
MPl
, Λ4 = −cΛm44 , (56)
where
cρ = 1.9, cm = 5.2× 10−2, cΛ = 9.6× 10−3 . (57)
It is seen from the table and relations (57) that the dependene of the radion mass on the input
bulk fermion mass, m5 =
√
2πρm4, is quite strong. The result is the variation of the radion
mass between 6.7× 10−7 and 8.2× 10−4 eV. Notie that the value of the osmologial onstant
that we have obtained is muh larger than osmologial onstraints. However, one an anel it
by the renormalization ounterterms. To obtain a onstant ounterterm in the 4d theory, after
the Weyl resaling, the following orretions an be added to the 5d ation:
δS =
∫
d5x
√
G
√
−G55δΛ +
∫
d4x
√−gG55δλ0
∣∣∣
y=0
+
∫
d4x
√−gG55δλπ
∣∣∣
y=πρ
, (58)
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Figure 2: The total potential for the parameters given in (54) and for m4 = 0.175 TeV. The minimum
appears at the point 〈R0〉 = 1.
m4 [TeV℄ ρ
−1
[TeV℄ mr [eV℄ Λ4 [TeV
4
℄
0.08 0.15 6.7× 10−7 −3.93× 10−7
0.175 0.33 3.2× 10−6 −8.99× 10−6
0.35 0.66 1.3× 10−5 −1.44× 10−4
0.7 1.32 5.1× 10−5 −2.30× 10−3
1.4 2.65 2.1× 10−4 −3.69× 10−2
2.8 5.30 8.2× 10−4 −5.90× 10−1
Table 2: Radion masses together with the sale of the extra dimension ρ−1 and the resulting
osmologial onstant, obtained for dierent input fermion masses m4.
where the rst term spoils 5d ovariane in the bulk, but is aeptable from the 4d point of
view (also, it is onsidered here as a one-loop-order ounterterm). These ounterterms an be
used to make the 4d one-loop osmologial onstant vanish without violating the 4d Lorentz
invariane and, more importantly, without destabilizing the salar potential for the radion.
It an be seen that the presene of the 5d bulk mass term for the fermions is ruial for
the stabilization. The minimum at a nite value of the radion disappears when m5 approahes
zero (this is the deompatiation limit, and the radion expetation value runs away toward
innity). The point is that the dependene of the tree-level fermioni mass term on the radion
is dierent from that of the KK mass terms, and the presene of the minimum is the result of
the interplay between the terms denoted as V
(∞)
f and V
(R)
f in (52), the rst of whih depends
on the tree-level fermioni mass, the seond on the KK masses.
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6 Summary
We have disussed the stabilization of the salar setor inluding the radion, in the QED-like
gauge model with one universal extra dimension; with gauge symmetry broken by the 5d Higgs
mehanism and in the ase where the breaking ours beause of the boundary onditions
imposed on the gauge elds. The stabilization is due to the fermioni ontribution to the
eetive potential. In fat, for the stabilization to take plae, the bosoni ontribution must be
balaned by the fermioni one, hene the sales of these two annot dier too muh. However,
one does not need (softly broken) supersymmetry to ahieve the stabilization: it an be arranged
in models born in universal extra dimensions for a reasonably wide range of ouplings and mass
sales. One does not need ompliated models or unreasonable ne-tunings; even the simple
QED-like set-up is suient. We expet the generi features of our mehanism to hold also in
the ase of (broken) supersymmetry, even in the presene of a larger number of moduli elds
(see also [17℄).
It an be seen that the presene of the 5d bulk mass term for the fermions is ruial for the
stabilization. For instane, in the Higgs model disussed in Setion 4, the minimum at nite
values of the elds in the radionsalar hyperplane disappears when g5 (so onsequently the
mass of the zero-mode fermion vanishes) approahes zero (this is the deompatiation limit,
and the radion vauum expetation value runs away toward innity). The point is that the
dependene of the tree-level fermioni mass term on the radion is dierent from that of the KK
mass terms, and the presene of the minimum is the result of the interplay between the terms
denoted as V
(∞)
f and V
(R)
f in (31), the rst of whih depends on the tree-level fermioni mass,
the seond on the KK masses. The situation is very similar in the Higgsless ase, for whih the
relevant formula is (52).
One may also onsider loalized brane mass terms for the fermions of the form G55δ(x
5 −
x5b)mbψλ. However, these terms play the role of soures in the equations of motion, and they
are anelled by disontinuities in the bulk fermioni ongurations. Their role is to impose
boundary onditions on the elds, hene they aet the quantization of the masses of the KK
modes. This eet on its own does not reate a minimum: the bulk terms desribed above are
still needed.
It is interesting to wath orrelation between the various physial parameters that arise
upon the stabilization of the salar setor. For a Higgs mass larger than 0.26 TeV, we observe
that there appears an instability in the eetive potential in the diretion of the radion - its
vauum expetation value runs away to innity (deompatiation limit). It is interesting to
note that mH ≃ 0.204 TeV is the eletroweak 95% CL upper bound on the Higgs boson mass.
Therefore even though our toy model does not reet all the features of the real 5d SM, it
nevertheless favours the range of Higgs boson masses that is also antiipated by the one-loop
preditions of the Standard Model. It turns out that, for parameter values adopted here for
the Higgs ase, the radion run-away is the primary instability in the model, not the large-h
instability disussed in [1℄.
It is also interesting to note that the osmologial onstant may be anelled by suitable
ounterterms, in suh a way that stabilization of salars is not aeted.
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Appendix
Here we provide some details of the dimensional redution (in the Higgs ase) and alulation
of the eetive potential generated by a tower of KK modes.
The KK expansion of the elds living on S1/Z2 gives
Aµ(x, y) =
1√
2πρ
[
Aµ0 (x) +
√
2
∞∑
n=1
Aµn(x) cos(mny)
]
,
A5(x, y) =
1√
πρ
∞∑
n=1
A5n(x) sin(mny) ,
φ(x, y) =
1√
2πρ
[
φ0(x) +
√
2
∞∑
n=1
φn(x) cos(mny)
]
,
ψ(x, y) =
1√
2πρ
[
ψR0(x) +
√
2
∞∑
n=1
[ψRn(x) cos(mny) + ψLn(x) sin(mny)]
]
,
λ(x, y) =
1√
2πρ
[
λL0(x) +
√
2
∞∑
n=1
[λLn(x) cos(mny) + λRn(x) sin(mny)]
]
, (A.1)
where mn = 2πn/L.
Expanding the 4d Lagrangian around h0 → h0 + 〈h〉, r → r+ 〈r〉, the following salar mass
terms are obtained in the Landau gauge:
m2h0 = e
−α〈r〉 (−µ2 + 3λ4〈h〉2) ,
m2χ0 = e
−α〈r〉 (−µ2 + λ4〈h〉2) ,
m2hn = e
−α〈r〉 (−µ2 + 3λ4〈h〉2 + e−2α〈r〉m2n) ,
m2χn = e
−α〈r〉 (−µ2 + λ4〈h〉2 + e−2α〈r〉m2n) ,
m2r = α
2e−α〈r〉
(
−1
2
µ2〈h〉2 + 1
4
λ4〈h〉4 + µ
4
4λ4
)
,
m2r h0 = −αe−α〈r〉
(−µ2〈h〉+ λ4〈h〉3) ,
m2A5n = e
−α〈r〉e24〈h〉2 ,
m2A5n χn = −e−2α〈r〉e4〈h〉mn , (A.2)
where α, λ4, e4 are dened in the main text.
For vetor bosons the following mass terms are obtained
m2Aµn = e
−α〈r〉 (e24〈h〉2 + e−2α〈r〉m2n) ,
m2Aµ0 = e
−α〈r〉e24〈h〉2 . (A.3)
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The masses of the fermions are given by
mψn = −e−
3
2
α〈r〉mn ,
mλn = e
− 3
2
α〈r〉mn ,
mψn λn = −e−
1
2
α〈r〉 g4√
2
〈h〉 ,
mψ0R λ0L = −e−
1
2
α〈r〉 g4√
2
〈h〉 , (A.4)
where g4 = g5/
√
2πρ.
For the purpose of this paper we have adopted the regularization sheme worked out by
Delgado et al. (DPQ, see [3℄) to ompute the ontribution of the KK tower to the eetive
potential. Let us briey reall the basi result obtain by DPQ.
Starting from the generi formula
V (φ) =
1
2
∫
d4p
(2π)4
∞∑
0
log [l2E2 + n2π2] , (A.5)
where E2 ≡ p2 + m2(φ), m2(φ) are the bakground-eld-dependent mass squared of the KK
modes and l = πρ. With the help of the MS renormalization sheme one obtains
V =
1
2
(V (∞) + V (R) + V 0) (A.6)
where
V (∞) =
ρ
60π
m5(φ) ,
V 0 =
1
64π2
m4(φ)
[
log
(
m2(φ)
k2
)
− 3
2
]
,
V (R) = − 1
64π6ρ4
(x2Li3(e
−x) + 3xLi4(e−x) + 3Li5(e−x)) . (A.7)
In the above the x is given by x = 2πρ
√
m2(φ), κ is the renormalization sale, and Lin(x) =∑∞
s=1
xs
sn
is the polylogarithm funtion.
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